Bombella intestini gen. nov., sp. nov., an acetic acid bacterium isolated from bumble bee crop In the frame of a bumble bee gut microbiota study, acetic acid bacteria (AAB) were isolated using a combination of direct isolation methods and enrichment procedures. MALDI-TOF MS profiling of the isolates and a comparison of these profiles with profiles of established AAB species identified most isolates as Asaia astilbis or as 'Commensalibacter intestini', except for two isolates (R-52486 and LMG 28161 T ) that showed an identical profile. A nearly complete 16S rRNA gene sequence of strain LMG 28161
Recently, acetic acid bacteria (AAB) have been isolated from various sources, mainly sugar-rich or alcoholic niches, such as vinegar, wine and flowers Kersters et al., 2006; Muthukumarasamy et al., 2005) . Some AAB species have symbiotic relationships with insects (Crotti et al., 2010) . In particular, species of the genera Acetobacter, Gluconacetobacter, Gluconobacter, Asaia and Saccharibacter have frequently been associated with honey bees (Apis mellifera) (Babendreier et al., 2007; Crotti et al., 2009 Crotti et al., , 2010 Gilliam, 1997; Martinson et al., 2011; Mohr & Tebbe, 2006) , but only rarely with bumble bees (Bombus spp.) (Koch & Schmid-Hempel, 2011; Martinson et al., 2011; Olofsson & Vásquez, 2009 ). Yet, a recent study has revealed two Acetobacteraceae as relevant bacteria of the Bombus bimaculatus gut microbiota (Cariveau et al., 2014) .
In the frame of a bumble bee gut microbiota study, bumble bees were caught in the field, in Ghent, Belgium, frozen at 220 u C for 10 min and surface-sterilized with 2.5 % Umonium 38 Master (Laboratoire Huckert's International) before dissecting their honey crop and whole gut. The crops and guts were homogenized in 500 ml saline solution (Olofsson & Vásquez, 2008 ) with a sterile micro-pestle and stored at 220 uC until further use. Isolation of AAB from these suspensions was carried out using a combination of direct isolation methods and enrichment procedures. For the latter, 50 ml suspension was added to 25 ml of both enrichment medium I (EM I) and II (EM II), as described by Lisdiyanti et al. (2003) , except that the pH was not adjusted; the final pH was therefore 6.8±0.2. The inoculated media were shaken at 100 r.p.m. and incubated at 28 uC for 7 days. Enrichment media showing bacterial growth were subsequently plated onto four solid agar media: LMG medium 13 (Papalexandratou et al., 2013) ]. Each of the four media contained 100 p.p.m. cycloheximide to inhibit yeast growth. For direct isolation, the cell suspensions were serially diluted to 10 27 in physiological water [0.85 % (w/v) NaCl], and 50 ml of each dilution was plated directly onto the four solid agar media mentioned above. All inoculated plates were incubated aerobically at 28 u C for 7 days. LMG media 13 and 404 were the sole media that yielded growth. Colonies were picked from agar media that were inoculated both directly as well as after enrichment in EM II. Isolates (Table   S1 , available in the online Supplementary Material) were dereplicated by matrix-assisted laser desorption/ionizationtime-of-flight mass spectrometry (MALDI-TOF MS), as described by Wieme et al. (2012) . Cluster analysis of the MALDI-TOF MS profiles of these isolates revealed eight groups, of which two could be identified as Asaia astilbis and 'Commensalibacter intestini' after comparing their profiles with profiles of established AAB species (Fig. S1) . The other six groups could not be identified, and representative isolates were selected for 16S rRNA gene sequence analysis using the method described previously (Snauwaert et al., 2013) T (1450 nt) showed 99 % similarity to several uncultured Acetobacteraceae from the honey bee gut, crop or larvae (Anderson et al., 2013; Koch et al., 2013; Martinson et al., 2011; Mohr & Tebbe, 2007) , which indicated that this strain was a member of the family Acetobacteraceae. Isolate LMG 28161
T formed a single MALDI-TOF MS cluster with isolate R-52486, which showed an identical mass spectrum ( Fig. S2 ) and which was isolated from the same bumble bee crop sample. The 16S rRNA gene sequence of LMG 28161 T was then compared with 16S rRNA gene sequences of type strains of all AAB species retrieved from the EMBL and NCBI databases, using the BioNumerics version 5.1 software (Applied Maths, Sint-Martens-Latem, Belgium). Isolate LMG 28161
T showed the highest pairwise 16S rRNA gene sequence similarity to Saccharibacter floricola S-877 T (96.5 %; GenBank accession number AB110421). This rather low nearest neighbour similarity value suggested that the novel isolate should be classified into a new genus of the family Acetobacteraceae. The 16S rRNA gene sequences of isolate LMG 28161
T and type strains of species representing all known genera of this family were aligned against the SILVA bacteria database using the Mothur pipeline (Quast et al., 2013; Schloss et al., 2009) . Subsequently, phylogenetic trees were reconstructed with the MEGA6 software package, using the neighbour-joining and maximum-likelihood methods (Felsenstein, 1981; Saitou & Nei, 1987) . The DNA substitution TN93+G+I was selected under the Bayesian Information Criterion (Nei & Kumar, 2000; Tamura et al., 2013) . The robustness of the topology of both trees was estimated by bootstrap analysis with 1000 replicates (Felsenstein, 1985) . Both trees showed highly similar topologies, and therefore only the maximum-likelihood tree is shown (Fig. 1 ).
Genomic DNA of isolate LMG 28161
T was obtained, as described previously (Cleenwerck et al., 2002) , and subjected to whole-genome shotgun sequencing (L. Li and others, unpublished results). A 16S-23S rRNA internal transcribed spacer (ITS) sequence and sequences of the housekeeping gene groEL were extracted for phylogenetic analyses, as these sequences were proven useful to refine the phylogeny of members of the family Acetobacteraceae ( T available online (GenBank accession number NZ_ARJS00000000.1). A phylogenetic analysis based on 16S-23S rRNA ITS sequences was performed using MEGA 6; a phylogenetic tree was reconstructed using the neighbour-joining method. The robustness of the tree topology was estimated by bootstrap analysis with 1000 replicates. The 16S-23S rRNA ITS analysis confirmed that isolate LMG 28161 T could clearly be differentiated from its close neighbours (Fig. S3) . The phylogenetic position of isolate LMG 28161 T , based on partial sequences of the housekeeping gene groEL (720 nt, Fig. S4 ), and based on the corresponding amino acid sequences (240 aa, Fig. S5 ), was also determined as described previously using the MEGA 6 software. Again, isolate LMG 28161 T formed a very distinct branch and the branch lengths obtained in the various trees further confirmed that isolate LMG 28161
T should be best classified into a new genus of the family Acetobacteraceae.
Random amplified polymorphic DNA (RAPD) analysis was performed on isolates LMG 28161 T and R-52486, as described previously (Williams et al., 1990) . Two primers (RAPD-270 and RAPD-272) were used, which both yielded indistinguishable profiles, suggesting that LMG 28161 T and R-52486 are reisolates of the same strain (Fig. S6) .
The DNA G+C content of isolate LMG 28161 T was determined using the method described by Cleenwerck et al. (2008) and was 54.9 mol%. This value falls within the range reported for the family Acetobacteraceae (Greenberg et al., 2006; Sievers & Swings, 2005) , and is also consistent with the whole-genome shotgun sequencing data, which revealed a value of 55.0 mol %.
The whole-cell fatty acid methyl esters (FAME) composition was determined for isolate LMG 28161
T and for the type strains of the type species of nearly all known genera of the family Acetobacteraceae, using an Agilent Technologies 6890N gas chromatograph. Cultivation of the strains and extraction of the FAME were performed according to the recommendations of the Microbial Identification System, Sherlock version 3.10 (MIDI), except that fatty acids were extracted from cultures grown on LMG medium 404 at 28 u C under aerobic conditions for 48 to 72 h (depending on the strain). The peaks of the profiles were identified using the TSBA50 identification library version 5.0 (MIDI). The predominant fatty acid of strain LMG 28161 T was C 18 : 1 v7c (43.1 %), while the following fatty acids were present in lesser amounts (.1 %): C 19 : 0 cyclo v8c (16.7 %), C 16 : 0 (12.7 %), C 14 : 0 2-OH (8.5 %), C 14 : 0 (9.3 %), C 16 : 0 2-OH (1.1 %) and C 16 : 0 3-OH (2.8 %) ( Table 1 ). The fatty acid composition of strain LMG 
28161
T was similar to that of known AAB species (with C 18 : 1 v7c as the major component), but the amounts of fatty acids, such as C 19 : 0 cyclo v8c, C 14 : 0 and C 14 : 0 2-OH, enabled to differentiate it (Tables 1 and S2 ). The analysis of respiratory quinones of isolate LMG 28161 T was performed, as described previously (Vaz-Moreira et al., 2007) using the method of Tindall (1989) . The major ubiquinone present was Q-10, which agreed with the major ubiquinone of most other genera in the family Acetobacteraceae, except for species of the genus Acetobacter that have Q-9 as the major ubiquinone; no other quinones were found.
Both isolates LMG 28161
T and R-52486 were subjected to phenotypic tests, using methods described previously (Cleenwerck et al., 2002 (Cleenwerck et al., , 2007 . For microscopy and colony morphology, isolates were grown aerobically at 28 u C on LMG medium 404 for 48 h. On this medium, both isolates also grew when micro-aerobic conditions (80 % N 2 , 4 % O 2 , 8 % H 2 and 8 % CO 2 ) were used. As AAB are well known as obligate aerobic organisms, two close relatives (S. floricola LMG 23170 T and Gluconobacter oxydans LMG 1408 T ) were also tested for growth on LMG medium 404 after incubation at 28 u C under micro-aerobic conditions. Both strains showed good growth, which seems logical, as species from these genera have been detected in the bee gut, which is a micro-aerobic environment. The biochemical characteristics examined for isolates LMG 28161
T and R-52486 included: analysis of oxidase and catalase activity; oxidation of acetate and lactate; production of acetic acid from ethanol; growth in the presence of 30 % (w/v) Dglucose; growth on methanol as carbon source; growth at 37 u C on LMG medium 404; and assimilation of ammonium nitrogen on Frateur-Hoyer and Frateurmodified Hoyer medium with D-glucose, D-mannitol and ethanol. The production of 2-keto-D-gluconate and 5-keto-D-gluconate from D-glucose was determined as reported previously . In addition, acid production from various carbon sources was tested in triplicate, using the methods described previously (Asai et al., 1964) . S. floricola LMG 23170
T was investigated concurrently for all the tests conducted. Acetobacter aceti LMG 1504 T and Gluconobacter roseus LMG 1418 T were included as controls for part of the acid production tests. Isolates R-52486 and LMG 28161 T could be differentiated from genera of the family Acetobacteraceae by means of multiple biochemical characteristics (Tables 2 and S3 ), such as their inability to produce acetic acid and 5-keto-D-gluconate from ethanol and D-glucose, respectively; their ability to grow at 37 u C on LMG medium 404; their negligible acid production from melibiose; and notable acid production from Dfructose, sucrose and D-mannitol. For S. floricola LMG 23170 T , the phenotypic test results were not always congruent with published data, while for Acetobacter aceti LMG 1504 T and Gluconobacter roseus LMG 1418 T the published data were confirmed (Table 2) . Therefore, a nearly complete 16S rRNA gene sequence was determined for strain LMG 23170 T (1436 nt, GenBank accession number KJ850435) and compared to publicly available 16S rRNA gene sequences of the type strain of S. floricola, including a sequence extracted from the draft genome. Pairwise sequence similarities of 100 % with GenBank accession number JF794031 (1349 nt), 99.9 % with a sequence extracted from the draft genome (NZ_KB899360, 1485 nt) and 99.8 % with accession number AB110421 (1436 nt) were found, suggesting that strain LMG 23170
T is a true subculture of the type strain of S. floricola.
In conclusion, the present study demonstrated that the taxon represented by the isolates R-52486 and LMG 28161 T can be differentiated genotypically and phenotypically from established species and genera of the family Acetobacteraceae. The phylogenetic relationship between this taxon and its nearest neighbour species, S. floricola, is considerably divergent (Figs 1, S3 , S4 and S5) and its fatty acid profile is unique (Tables 1 and S2 ). Phenotypic characteristics that allow to distinguish this taxon from S. floricola are its ability to grow on LMG medium 404 at 37 u C; its inability to oxidize lactate and produce 5-keto-D-gluconate from Dglucose; and its ability to produce acid from D-galactose, Dfructose, D-mannitol, L-arabinose and D-mannose (the latter two weakly) (Tables 2 and S3 ). Therefore, the classification of this taxon as a novel species of a new genus of the family Acetobacteraceae is warranted. We propose the name Bombella intestini gen. nov., sp. nov., with strain LMG 28161 T (5DSM 28636 T ) as the type strain.
Description of Bombella gen. nov.
Bombella (Bom.bel9la N.L. fem. dim. n. Bombella, named after the bumble bee genus, Bombus, from which the first isolate of this genus was obtained).
Cells are Gram-stain-negative, straight rods. Catalase activity is present, but oxidase activity is absent. The predominant fatty acid is C 18 : 1 v7c; other fatty acids in significant amounts are C 19 : 0 cyclo v8c, C 16 : 0 , C 14 : 0 2-OH, C 14 : 0 , C 16 : 0 2-OH and C 16 : 0 3-OH. The major quinone type is Q-10. The type species is Bombella intestini.
The presence of 16S rRNA gene fragments in the gut metagenomes of honey bees and bumble bees, which share 99 % and 97 % sequence similarity (query coverage of 34 % and 48 %, respectively) (Cariveau et al., 2014; Martinson et al., 2011) with the nearly complete 16S rRNA gene sequence of strain LMG 28161 T suggests that the occurrence of members of this taxon is not limited to bumble bees. 
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